Contra-rotating small-sized fans are used as cooling fans for electric equipment. The internal flow condition between the front and rear rotors of the contra-rotating small-sized fan is not known well especially at the low flow rate. Furthermore, the blade row distance between the front and rear rotors is an important parameter for the contra-rotating small-sized fan and its influence on the internal flow condition is not clarified at the low flow rate. Therefore, the internal flow condition of the contra-rotating small-sized fan at the low flow rate is investigated by the numerical analysis in this research. The numerical analysis results are validated by comparing the fan static pressure curves of the numerical results to the experimental results. The internal flow condition at the low flow rate is clarified using the numerical models of the different blade row distance L = 10 mm and 30 mm. In the present paper, pressure fluctuations phase locked each front and rear rotor's rotation are shown and the influences of the wake and the potential interference are discussed by the unsteady numerical analysis results at the low flow rate.
Introduction
Small-sized axial fans are used as cooling fans for electric equipment i.e. laptop, desk top computers and servers. The electrical power used for the cooling of the IT devices for data centers is huge the same as the electric power used for the IT devices itself. There is a strong demand for higher pressure and larger flow rate of fans according to the increase of quantity of heat from electric devices.
Therefore, the contra-rotating rotors are adopted for the small-sized axial fans to increase the performance. The lower rotational speed design [1] and advantages on the performance of the contra-rotating fans and pumps were verified by experimental results [2] [3] . In the case of contra-rotating rotors, the axial space becomes larger than conventional small-sized axial fans. However, it is adequate choice to apply the contra-rotating rotors for small-sized fan because the axial space can be ensured in electrical devices as compared to that of the radial space.
In the case of the contra-rotating rotors, it is necessary to design the rear rotor considering the unsteady circumferential velocity distributions at the outlet of the front rotor [4] . Further, the fan noise becomes larger than the conventional rotor stator type fan because of the interaction between the front and rear rotors.
Then, the passive noise reduction with the perforated blade was proposed for the contra-rotating fan [5] . It is important to clarify the influence of the wake from the front rotor to the rear rotor and the potential interaction between the front and rear rotors to increase the performance and to reduce the fan noise [6] . The blade row distance between the front and rear rotors is a key parameter to consider the wake and potential interaction for the contra-rotating fan. The influence of the blade row distance between the front and rear rotors and pressure fluctuations on the casing wall were investigated for the counter rotating fan with fan diameter D = 375 mm [3] [7] . On the other hand, the conventional design method and the theory for the turbomachinery should be modified for small-sized axial fans because small-sized axial fans applied to electrical devices belong to extremely small size field in the turbomachinery [8] . Therefore, there is the strong demand to establish the design method for small-sized axial fans based on the internal flow. Then, the internal flow condition was investigated using the numerical models having different blade row distance L = 10 mm and 30 mm at the design flow rate [9] . Regarding the conventional axial flow fan, the relative velocity vectors and streamlines at off-design flow rate points with the deep stall condition were computed using the downstream flow resistance method [10] . Unsteady flow in axial skewed fans was measured at off-design conditions using a hot-wire anemometer, to investigate the effect of sweep on the performance and flow condition [11] . On the other hand, the internal flow condition of the contra-rotating axial flow fan at off-design flow rate point is not known well. Then, the internal flow condition at partial flow rate was investigated by a pitot-tube and numerical analysis, and it was clarified that the back flow associated with the tip leakage flow occurred at the inlet tip of both front and rear rotors [12] . It is difficult to measure the internal flow condition at low flow rate and there is no literature related to the internal flow condition of the contra-rotating small sized axial fan at low flow rate. Therefore, the internal flow condition at the low flow rate was investigated by the numerical analysis.
In the present paper, the performance curves of the contra-rotating small-sized axial fan with 100 mm diameter are compared with the unsteady numerical 
Experimental Apparatus and Method
The geometry of the rotor and primary dimensions of the contra-rotating small-sized axial fan (RRtype) are shown in Figure 1 and . This fan was designed with the free vortex design. In this research, an airfoil blade was used because there was a report that mentioned an advantage of the airfoil blade for the small-sized axial fan [13] , however, a circular-arc blade was generally used for small-sized axial fans. Figure 2 show the schematic diagram and picture of the experimental apparatus for RRtype.
The experimental apparatus was designed based on the Japanese Industrial Figure 1 . Contra-rotating small-sized axial fan (RRtype). 
Numerical Analysis Conditions
The commercial software ANSYS-CFX 14.5 was used to investigate the flow condition between the front and rear rotors of the contra-rotating small-sized axial fan which couldn't be measured by the experiment. In the numerical analysis, the numerical model which was almost the same with the experimental apparatus was used. The unsteady numerical analysis was conducted using the three dimensional model. The numerical analysis grids used for the numerical analysis are shown in . The computational time for the unsteady numerical analysis was 10 -14 days depending on the flow rate.
Experimental and Numerical Analysis Results

Performance Curve of RRtype
Fan static pressure curves of each blade row distance (L = 10, 30 mm) for RRtype, front rotor and rear rotor obtained by the experiment are shown in Figure 4 . In Figure 4 , the fan static pressure obtained by the numerical analysis is also given to compare with the experimental results. In the unsteady numerical analysis, the static pressure was obtained at the same point in the experiment and 180 static pressure data of one rotor rotation were averaged. The vertical axis and the horizontal axis in Figure 4 show the fan static pressure P s and the flow rate Q. It was found from Figure These results lead to think that the flow condition and the potential interference between the front and rear rotors at the low flow rate 0.1Q d are significantly complex. Therefore, we investigated the wake and the potential interference between the front and rear rotors at the low flow rate 0.1Q d from the numerical analysis results. Figure 9 and Figure 10 show the relative velocity vectors and the static pressure distributions around the blades of RRtype in respective blade row distances L = 10, 30 mm at the radial position r/r c = 0.75. The relative angle of the front and rear rotors is θ fr = 0˚ as a representative. In Figure 9 and Figure 10 , the blade indicated with the black diagonal lines is a subject in Figure 7 and Figure  8 . The large separation and stall regions could be observed on the blade surface of the front rotor for L = 10 mm in Figure 9 (a) although these regions were diminished for L = 30 mm in Figure 9 Figure 11 and Figure 12 . The vertical axis is the axial and circumferential components of the absolute velocity fluctuations ΔV a , ΔV c and the horizontal axis is the relative angle of the front and rear rotors θ fr in Figure 11 and Figure 12 . The circumference component ΔV c is a positive in the direction of the front rotor rotation. In Figure 11 and Figure 12 , the axial and circumferential velocity fluctuated with the variation of the relative angle of From the above, these strong potential and wake interference between the front and rear rotors lead to the large separation and stall regions around the front rotor blades. In the case of L = 10 mm, it is considered that the fan static pressure and static pressure efficiency were not higher than that of L = 30 mm at the low flow rate 0.1Q d because of the strong and irregular wake and potential interference in association with the decrease of the blade row distance.
Internal Flow Condition between the Front and Rear
Conclusion
The contra-rotating small-sized axial fan was designed and the performance, wake and potential interference between the front and rear rotors were investigated at the low flow rate 0. These results lead to the thinking that the flow condition and the potential interference between the front and rear rotors are significantly complex. The strong potential and wake interference between the front and rear rotors lead to the separation and stall regions around the front rotor blades. In the case of L = 10 mm, the fan static pressure and static pressure efficiency were not higher than those of L = 30 mm at the low flow rate 0.1Q d because of the strong and irregular wake and potential interference in association with the decrease of the blade row distance. The detailed performance and internal flow in wide flow rate range of the contra-rotating small sized axial fan were clarified from our research. Therefore, the high performance design of the contra-rotating small size fan needs to be investigated using the results of the internal flow condition as the future work.
